Abstract: Simple sequence repeat (SSR) or microsatellite DNA markers have been shown to function well in plant and mammalian species for genetic map construction and genotype identification. The objectives of the work reported here were to search GenBank for the presence of SSR-containing sequences from the genus Medicago, to assess the presence and frequency of SSR DNA in the alfalfa (Medicago sativa (L.) L. & L.) genome, and to examine the function of selected markers in a spectrum of perennial and annual Medicago species. The screening of an alfalfa genomic DNA library and sequencing of clones putatively containing SSRs indicated approximately 19 000 (AT), + (CT), + (CA), + (ATT),, SSRs in the tetraploid genome. Inheritance was consistent with Mendelian expectations at four selected SSR loci with different core motifs. Additionally, genotypes of a range of Medicago species, including 10 perennial subspecies of the M. sativa complex and other perennial and annual Medicago species, were analyzed at each of the loci to ascertain the presence, number, and size of SSR alleles at each locus in each genotype. These studies indicate that SSR markers can function in alfalfa for the construction of genetic maps and will also be useful in a range of Medicago species for purposes of assessing genetic relatedness and taxonomic relationships, and for genotype identification.
Introduction
the genus Medicago, which includes both perennial and annual species (Lesins and Lesins 1979) . Most of the perenAlfalfa (~e d i c a~o sativa (L.) L. & L.), the most important fornial species of Medicago, including alfalfa, are tetraploid 2n = age legume in North America (Barnes et al. 19881, belongs to 4, = 32) outcrossing species; some are diploid (2n = 2x = 16); and two. Medicaao cancellata M.B. and Medica PO saxatillis Simple sequence repeat (SSR) or microsatellite DNA markers are PCR-based multiallelic codominant genetic markers. SSRs consist of 2-5 nucleotide core units, such as (AT), (CTT), and (ATGT), that are tandemly repeated. The regions flanking the SSR are generally conserved among genotypes of the same species. PCR primers to the flanking regions are used to amplify the SSR-containing DNA fragment. Length polymorphism is created when PCR products from different alleles vary in length as a result of variation in the number of repeat units in the SSR. This length polymorphism can be visualized via electrophoresis of the PCR products (Weber and May 1989; Litt and Luty 1989; Tautz 1989) . In plant species, SSR markers are being used to construct linkage maps in Arabidopsis thaliana (L.) Heynh. (Bell and Ecker 1994) , soybean (Glycine max (L.) Merr.; Akkaya et al. 1995) , and maize (Zea mays L.; Senior et al. 1996) . SSRs are also being used to study allelic profiles of genotypes for purposes of genotype identification in crop species; a few examples are soybean (Akkaya et al. 1992; Rongwen et al. 1995; Diwan and Cregan 1997) , maize (Zea mays L.; Senior and Heun 1993) , sunflower (Helianthus annuus L. ; Brunel 1994) , avocado (Presea americana; Lavi et al. 1995) , and rapeseed (Brassica napus L.; Kresovich et al. 1995) . SSRs are reported to exhibit high levels of length polymorphism, with as many as 26 alleles at loci in soybean (Cregan et al. 1994a; Rongwen et al. 1995) . This level of polymorphism is much higher than that found with RFLP (restriction fragment length polymorphism) markers using the same set of genotypes (Diwan and Cregan 1997) .
Several studies have been conducted using molecular markers to assess the level of variation among perennial Medicago species and populations (Brummer et al. 1991; Echt et al. 1992; Yu and Pauls 1993; Kidwell et al. 1994) , and one study used RAPD (random amplified polymorphic DNA) markers to study variation among annual species (Brummer et al. 1995) . None of these studies utilized SSR markers.
The objectives of the work reported here were to assess the presence and frequency of SSR DNA sequences in the alfalfa genome and to study SSR markers with various core motifs across the genus Medicago.
Materials and methods

Development of SSR markers
Selection of SSR-containing sequences from GenBank All available DNA sequence data pertaining to Medicago species available in GenBank were searched for the presence of all possible di-and tri-nucleotide SSRs. Only microsatellites with a minimum length of 20 bp were selected.
Selection of SSR-containing clones from a genomic alfalfa DNA library Alfalfa DNA from bulked plants of population WlO AC3 (Elgin and Ostazeski 1984) was digested with the restriction enzyme Sau3A, and fragments of 400-600 bp in length were cloned into pBluescript I1 KS + (Stratagene, LaJolla, Calif.). The procedure of
Cregan et al.
(1 994b) was followed. The ligation products were used to transform Escherichia coli XL1-Blue, followed by blue-white color selection. The library was screened by colony hybridization (Sambrook et al. 1989 ). Filters were hybridized to "P-labeled oligonucleotide probes (oligo-GA, oligo-AT, oligo-CA, and oligo-ATT), which were labeled using a reaction mixture containing an oligonucleotide tem late, an appropriate octamer primer, Klenow poly-P merase, [cx-~-P]~ATP, and dNTPs. Membranes were washed for 2 h at temperatures ranging from 37 to 50°C (depending on the specific probe) for 45 min in 2x SSC ( l x SSC: 0.15 M NaCl plus 0.015 M sodium citrate), before being exposed to x-ray film. Positive clones identified in the first screening were purified and screened again with the appropriate SSR-containing oligonucleotide probe to verify the presence of the microsatellite.
To verify the presence of SSRs in positive clones and to allow the design of PCR primers to the regions flanking the SSR, the sequence of clones producing positive hybridization signals was determined. Plasmid DNA of sequencing quality was obtained using the QIAwell-8 Plasmid Kit (Qiagen Inc., Chatsworth, CA 9131 1). Sequencing was performed using a Perkin Elmer Prism 373A DNA Sequencer. Sequencing was from both KS and SK primer sites of pBluescript, using the Taq DyeDeoxy Terminator Cycle Sequencing Kit (Perkin Elmer, Applied Biosystems, Foster City, CA 94404.) .
Selection and preparation of PCR primers to microsatellite loci
Primers were selected using Designer PCR (Research Genetics, Huntsville, AL 35801). In all cases, the Tm of primers was 55.0 + l.O°C. The selection of nearly identical Tm values for all primers allowed the use of a standard set of PCR amplification conditions. Primers (Table 1) were synthesized on a 391 DNA Synthesizer PCR-MATE (Perkin Elmer, Applied Biosystems).
Alfalfa genetic material and DNA isolation
Diploid alfalfa cross A cross was made between a CADL (cultivated alfalfa at the diploid level; Bingham and McCoy 1979) plant (W2xiso) and a M. sativa ssp. caerulea Schmalh. plant (PI 440501) to produce an F1 plant. The Fl was selfed, producing the mapping population described by Brummer et al. (1993) . The two parent plants and the F, plant were included in this study.
Tetraploid alfalfa cross
Two alfalfa plants, MN White-MA (MA-4), a plant with white flower color, and A-620, a plant with puqle flower color, were crossed by Dr. Joseph H. Bouton (University of Georgia, Athens, Ga.) to 
Perennial Medicago species of the M. sativa complex
Accessions were chosen to represent all sections and subsections of the subgenus Medicago, including all species in Section Falcago subsection Falcatae that includes the M. sativa complex (Quiros and Bauchan 1988) . The M. sativa complex includes both diploid and tetraploid species and subspecies. Medicago sativa ssp. sativa (tetraploid), M. sativa ssp. falcata Arcengeli (both diploid and tetraploid forms exist), M. sativa ssp. caerulea (diploid), and M. sativa ssp. glusitnosa M.B. (tetraploid) are all included in the complex. These taxa are all interfertile, share the same karyotype, and have been given the taxonomic rank of species by some authors (Lesins and Lesins 1979) and of subspecies by others (Gunn et al. 1978) . Accessions representing three other species in the M. sativa complex were also chosen for the study (Table 2) . Seeds were obtained from the Western Regional Plant Introduction Station, Pullman, Wash., U.S.A.
Other perennial Medicago species
Additional perennial Medicago species were selected to represent the Falcago subsections Rupestres, Daghnestanicae, and Papillosae, as well as the sections Arborea, Marinae, and SufSruticosae and the subgenus Orbicularia section Carstiensis ( Table 2) . Seeds of the Plant Introductions (PI) were obtained from the Western Regional Plant Introduction Station, Pullman, Wash., U.S.A. Accessions with a UAG designation were obtained from the Karl Lesins Collection, University of Alberta, Edmonton, Alberta, Canada.
Annual Medicago species
Accessions of agronomically important annual medics were chosen to represent the three subgenera of the genus Medicago that include annual species: Lupularia, Orbicularia, and Spirocarpos (Quiros and Bauchan 1988) . Seeds of the cultivars George, Paraponto, Sava, Harbinger AR, Caliph, and Santiago were obtained from the Peterson Seed Co., Savage, Minn., U.S.A. DNA isolation DNA was isolated from the diploid and tetraploid parents and their F,s and from single plants of the accessions indicated in Table 2 , using a standard CTAB (hexadecylatrimethylammonium bromide) procedure (Brummer et al. 199 1 ) .
PCR conditions and PCR product separation
The forward primers to SSR loci Afct32, Afcal 1, and Afcttl were 5'-end labeled using 10 pmoles of the 5'-end primer, 5 pL lox T4 polynucleotide kinase buffer (containing 0.5 M Tris-HCL (pH 7.6), 100 mM MgC12, and 100 mM 2-mercaptoethanol (United States Biochemical, Cleveland, Ohio)), 20 pmole of ["-P]ATP at 3000 Ci/mmol (1 Ci = 37 GBg), and 3 U of T4 polynucleotide kinase (United States Biochemical, Cleveland, Ohio) in a total volume of 50 pL. The Afct32, Afcal 1, and Afctt 1 reaction mixtures contained 30 ng of genomic DNA, 1.5 mM M~" , 0.15 pM of the end-labeled forward and reverse primers, 100 pM of each nucleotide, lx PCR buffer (containing 50 mM KC1 plus 10 mM Tris-HC1 (pH 9.0)), 0.1 % Triton X-100, and 1 U Taq DNA polymerase in a total volume of 10 pL. Reaction mixtures for the MTLEC2A locus contained 30 ng of genomic DNA, 1.5 mM 0.15 pM of forward and reverse primers, 100 pM of each nucleotide, 0.1 pL of 3000 Ci/mmol [a-"P]~ATP (10 FCi/pL), lx PCR buffer (containing 50 mM KC1 plus 10 mM Tris-HC1 (pH 9.0)), 0.1 % Triton X-100, and 1 U Taq DNA polymerase in a total volume of 10 pL. Cycling consisted of 30 s denaturation at 94."C, 25 s annealing at 51 or 52"C, and 25 s extension at 68°C for 32 cycles on a MJ Research model PTC-100 thermocycler (MJ Research, Inc., Watertown, Mass.). PCR products (3 pL/lane) were separated on a DNA sequencing gel containing 6% polyacrylamide, 30% formamide, 5.6 M urea, and l x TBE (90 mM Tris-borate plus 2 mM EDTA, ph 8.0) at 60 W constant power for 2-3 h.
Results and discussion
Frequency of SSRs in the alfalfa genome
The frequency of SSRs in the alfalfa genomic library is given in Table 3 . SSR DNA is abundant in the alfalfa genome, with an estimated 19 000 (AT), + (CT), + (CA), + (ATT),, repeats in the tetraploid genome. Therefore, it appears likely that SSR markers can be used to construct high density linkage maps of alfalfa. The most frequent dinucleotide repeat in alfalfa is ATITA followed by CTIGA. These results are in agreement with frequencies of SSR DNA in other plants surveyed using GenBank sequences (Morgante and Olivieri 1993; Lagercrantz et al. 1993; Wang et al. 1994) . CAIGT repeats, which are the most common repeat in mammalian genomes, were abundant in alfalfa relative to other plant genomes, where these repeats are relatively rare.
Medicago SSRs in GenBank
A search for all possible di-and tri-nucleotide repeats in sequences from all Medicago species available in GenBank produced three SSR loci: MTLEC2A, the lec2 gene for lectin from Medicago truncatula with a (AT)20 core (Bauchrowitz et al. 1992) ; ALFLEGHEMA, the alfalfa leghemoglobin gene from M. sativa with a (TAA)I, core (Davidoeitz et al. 1990 ; unpublished results); and ALFUBIQUIT, M. sativa ubiquitin carrier protein mRNA with a (CT)3CC(CT), core sequence (Pramanik and Bewley 1993; unpublished results) . PCR primers were selected for these three sequences. However, only the MTLEC2A locus gave products in the predicted product length range and was used in the study.
SSRs markers in the tetraploid and diploid alfalfa crosses
Observation of the alleles present in the diploid and tetraploid parents and their F , progeny permits an assessment of the phenotype of SSR alleles at each locus. In this study, only one F, plant was examined at each ploidy level. Therefore, the F , plants in the study do not represent the range of genotypes possible in the F , generation. Also, until definitive data are obtained from mapping these loci, the fragments referred to as alleles would better be referred to as "putative alleles."
At the AFct32 locus (Fig. 1 a) , an allele generally appears to have two bands differing in length by 1 bp. Additional bands that are one and two bases shorter in length than the two primary bands are sometimes present, as is shown in Fig. la , lanes 3 and 4, which are the products amplified from W2xiso and the F l of W2xiso x M. sntivn spp. caerulea (PI 440501), respectively. The size of the upper band was used to define the size of an allele (Table 4) . It is relatively simple to follow the inheritance of alleles from parents to progeny, as in the case of the tetraploid parents and F , in Fig. l a , lanes 6-8 . The MA-4 and A-620 parents are both triallelic, with alleles of approximately 102, 122, and 128 and 102, 106, and 156 nucleotides, respectively. The F, is tetra-allelic, with alleles of 102, 106, 12 1, and 127 nucleotides.
At the AFctt 1 locus, an allele appears to have a wider range of phenotypes (Fig. lb) . In the diploid and tetraploid alfalfa parents and F , s (Fig. lb, lanes 3-8) , alleles appear to possess two bands that differ in length by three nucleotides. The lower band is generally more intense and better resolved and was therefore used to define allele size. The W2xiso diploid parent has alleles of 106 and 107 nucleotides (Fig. lb, lane 3) , the M. sativa spp. caerulea (PI 440501) parent has alleles of 97 and 1 18 nucleotides ( Fig. 1 b, lane 5) , and the F, has alleles of 106 and 1 18 nucleotides ( Fig. 1 b, lane 4) . Likewise, in the cross of the tetraploid alfalfa parents, while difficult to determine, MA-4 appears diallelic with alleles of approximately 1 16 and 122 nucleotides (Fig. 1 b, lane 6) , the A-620 parent has alleles of 97, 106, and 1 13 nucleotides (Fig. lb, lane 8) , and the F, is triallelic, with alleles of 97, 106, and 122 nucleotides (Fig. 1 b, lane 7) .
Exact allele sizing at the AFcal 1 locus (Fig. lc) was difficult. In the diploid and tetraploid alfalfa parents and F,s in Table 4 . Number and size (in nucleotides (nt)) of alleles present at four SSR loci in the parents and F, of the diploid and tetraploid alfalfa mapping populations.
AFct32
AFctt 1 Fig. lc, lanes 3-8, an allele generally appeared to consist of three bands differing in length by one nucleotide. The upper band was the most intense and was therefore used to estimate allele size. In lane 3, the W2xiso parent appeared to be a homozygote and, based upon the genotype of the F , in Fig. 1 c, lane 4., carries an allele of 146 nucleotides. However, the phenotype of the W2xiso parent was not similar to the other genotypes, in that the higher molecular weight band was much less intense than the lower band. The M. sativa spp. caerulea (PI 44050 1 ) parent had alleles of 13 8 and 154 nucleotides and the F, is a heterozygote with alleles of 146 and 154 nucleotides. The estimated allele sizes of the tetraploid alfalfa parents and F, are given in Table 4 . While sometimes difficult to interpret clearly, allelic phenotypes at the AFct32, AFcttl, AFcal l , and MTLEC2A loci of the parents and F, of the diploid and tetraploid alfalfa populations were consistent with Mendelian inheritance of SSR alleles in both ploidy levels. This suggests that development of both diploid and tetraploid genetic linkage maps based on the segregation of SSR alleles is feasible in alfalfa. There are three published alfalfa linkage maps, all of diploid alfalfa (Brummer et al. 1993; Echt et al. 1993; Kiss et al. 1993) . Using RAPD markers, Yu and Pauls (1993) were the first to attempt to map alfalfa at the tetraploid level. They concluded that mapping alfalfa at the tetraploid level is feasible; however, because of the dominant nature of RAPD markers, only markers that were either in simplex or duplex conditions could be mapped. SSRs that are codominant should be better suited for constructing a tetraploid alfalfa linkage map.
SSR markers present in the genus Medicago
There were from 12 to 2 1 alleles present at the four SSR loci, AFct32, AFcttl, AFcal 1, and MTLEC2A, in the 26 perennial and annual species of Medicago (Table 5) . Three of the four SSR loci, Afcal 1, Afct32, and Afcttl, produced 1-4 alleles in each genotype tested. Allele sizes were within the expected range for products at each locus. The number of PCR products amplified from the genomic DNA of each of the genotypes corresponded to the ploidy level of the species, i.e., diploid genotypes produced up to two alleles and tetraploid genotypes up to four. One exception was the Afcal 1 locus in Medicago sufSruticosa, where multiple bands were present, indicating annealing of the PCR primers at numerous places in the genome. The fourth locus, MTLEC2A, which was the only locus from GenBank and which originated from M. truncatula, produced PCR products in only two of the annual species, M. truncatula and Medicago littoralis. No amplification occurred when Medicago prostrata, a species closely related to the M. sativa complex, was used as template. A similar lack of PCR products resulted with two other perennial species, M. sufSruticosa and Medicago pironae. These amplification failures are probably due to a sequence mismatch at one or both priming sites.
For all four loci, the largest number of alleles was present in species of the M. sativa complex, followed by perennial species that are more distantly related to alfalfa, and are not part of the M. sativa complex. Several of the perennial species, especially ones in the M. sativa complex, are autotetraploids and all are outcrossers, resulting in the possibility of up to four alleles per genotype per locus (Fig. I ). Dunbier and Bingham (1974) have proposed the theory of maximum heterozygosity in alfalfa, which emphasizes the importance o.f intralocus interactions and associates tri-and tetra-allelic loci with maximum performance, as measured by forage yield, fertility, and seed mass. Large genetic variation within and among the diploid subspecies of the M. sativa complex and tetraploid alfalfa cultivars was also shown by Brummer et al. (1991) using RFLP markers. This large genetic variation is not surprising and has also been observed in other outcrossing crops, such as Brassica spp. (Figdore et al. 1988 ) and maize and melon (Shattuck-Eidens et al. 1990 ). In contrast, relatively limited allelic variation was present in the annual Medicago species included in this study. This could be due to the facts (i) that most annual Medicago species are diploids (2n = 2x = 14 or 16) and potentially can only have up to two alleles at any given locus and (ii) that all annual species in the genus Medicago are self-pollinating (Lesins and Lesins 1979) . Therefore, in most of the annual Medicago species only one band (or allele) was present per genotype. The only two exceptions were M. scutellata and M. rugosa, the only known annual tetraploids (Bauchan and Elgin 1984) , in which two alleles were present at the AFct 1 1 locus. All cultivated alfalfa in North America has been produced from nine germplasm sources that are pure M. sativa ssp. sativa, pure M. sativa spp. falcata, or hybrids of these two subspecies (Barnes et al. 1977; Quiros 1983 ). Kidwell et al. Fig. 1 (concluded) .
( 1994) investigated genetic diversity among the nine germplasm sources used in the development of North American alfalfa using 35 cloned alfalfa sequences as probes. The 35 clones produced 180 polymorphic restriction fragments.
However, because genetic variability within was as great as among accessions, seven of the germplasm sources were indistinguishable. Genotypes in the M. sativa complex in the current study, which included three M. sativa germplasm sources, one M. falcata germplasm source, a diploid form of M. sativa ssp. falcata, and five additional Medicago species, had from 7 to 14 alleles present at the four SSR loci ( Table 5) .
Some of the alleles were common to two or more of the germplasm sources, while others were present in one source but not in the others (Fig. 1) . To assess genetic variability within and among accessions of each of the nine alfalfa germplasm sources using SSRs, several accessions of each of the germplasm sources should be studied. However, observations here indicate that SSRs may contribute additional information to the study of genetic variation among and within the nine germplasm sources of alfalfa, and may help in studying relationships among as well as within species of the M. sativu complex.
This study shows that SSR DNA is abundant in the alfalfa genome and that inheritance of SSR markers is consistent with Mendelian rules in both diploid and tetraploid alfalfa; therefore, using SSR markers to construct alfalfa genetic linkage maps at both diploid and tetraploid levels should be feasible. SSR markers should also be useful tools for genotype identification within the genus Medicago. The large number of alleles demonstrated to be present in the M. sativa complex and other perennial Medicago species indicates the possibility of using SSRs markers for germplasm identification and for studying relationships within and among genotypes from the nine North American alfalfa germplasm sources. Although the number of alleles present within the annual Medicugo species in this study was low relative to the perennial species, the identification of annual genotypes and the study of genetic relationships among and within these species should also be feasible with the development and careful selection of an appropriate set of SSR markers.
